Pyrosequencing analysis of 16S rRNA genes was used to study temporal dynamics of groundwater bacteria and archaea over 10 months within three well clusters separated by B30 m and located 250 m from the Columbia River on the Hanford Site, WA. Each cluster contained three wells screened at different depths ranging from 10 to 17 m that differed in hydraulic conductivities. Representative samples were selected for analyses of prokaryotic 16S and eukaryotic 18S rRNA gene copy numbers. Temporal changes in community composition occurred in all nine wells over the 10-month sampling period. However, there were particularly strong effects near the top of the water table when the seasonal rise in the Columbia River caused river water intrusion at the top of the aquifer. The occurrence and disappearance of some microbial assemblages (such as Actinobacteria ACK-M1) were correlated with river water intrusion. This seasonal impact on microbial community structure was greater in the shallow saturated zone than deeper zone in the aquifer. Spatial and temporal patterns for several 16S rRNA gene operational taxonomic units associated with particular physiological functions (for example, methane oxidizers and metal reducers) suggests dynamic changes in fluxes of electron donors and acceptors over an annual cycle. In addition, temporal dynamics in eukaryotic 18S rRNA gene copies and the dominance of protozoa in 18S clone libraries suggest that bacterial community dynamics could be affected not only by the physical and chemical environment but also by top-down biological control.
Introduction
Shallow aquifers comprise a critical worldwide water resource for domestic, industrial and agricultural use. These aquifers are now known to contain metabolically diverse and active populations (Balkwill and Ghiorse, 1985) . These microbes perform critical functions in biogeochemical cycles and attenuation of contaminants and are linked to the emission of greenhouse gases (Minamikawa et al., 2010; Elberling et al., 2011 ). Yet, because it is difficult to comprehensively sample subsurface environments, the diversity and dynamics of microbes in groundwater ecosystems have not been extensively explored (Griebler and Lueders, 2009 ). This environment is perceived to be relatively stable, characterized by long residence time (Brunke and Gonser, 1997; Griebler and Lueders, 2009 ) and subject to less frequent perturbations than surface systems (Odum et al., 1995) . Factors controlling microbial spatial and temporal dynamics are poorly documented for most groundwater ecosystems (Storey et al., 1999; Simon et al., 2001; Griebler and Lueders, 2009; Lowell et al., 2009; Boulton et al., 2010) .
At the Hanford Site 300 Area, the unconfined subsurface aquifer is subject to intrusion of organic and inorganic contaminants from a variety of sources associated with historical nuclear materials production and large-scale separations (Riley and Zachara, 1992) . This region is environmentally sensitive due to its proximity to the Columbia River. The unconfined aquifer is an oligotrophic environment with low fluxes of external nutrient inputs; however, there are physical, chemical and hydrological complexities that could lead to increased spatial and temporal dynamics in the subsurface microbial community (Gilmore et al., 1993; Peterson and Connelly, 2004; Lin et al., 2012a) . The sedimentary stratigraphy includes multiple transitions in sediment texture and redox conditions that result in a stratified distribution of microbial communities (Lin et al., 2012a) . This aquifer is contained largely within Hanford formation sediments deposited under high-energy conditions during catastrophic Ice Age floods, resulting in lateral textural heterogeneity. The hydraulic gradient is affected by the stage height of the Columbia River, which can vary by as much as 3 m driven by the seasonal hydrological cycle and the operation of hydroelectric dams (Peterson and Connelly, 2004; Arntzen et al., 2006) .
For marine and freshwater habitats, temporal variability has been used to provide insight into environmental factors that drive shifts in microbial community composition and select for functional traits (Ghiglione et al., 2005; Fuhrman et al., 2006; Kan et al., 2006; Sundberg et al., 2007; AndersonGlenna et al., 2008; Lin et al., 2008; Nelson et al., 2008; Ayuso et al., 2009; Andersson et al., 2010; Gilbert et al., 2012) . Comparable work in groundwater is rare (Simon et al., 2001; Anderson et al., 2003; Ayuso et al., 2009; Yagi et al., 2010) . Therefore, we undertook this study of an oligotrophic subsurface habitat, where the effects of physical and hydrological heterogeneities across space and time could have a larger role in driving community composition dynamics.
The approach was to measure changes in groundwater microbial abundances and community composition over time and in distinct subsurface strata, to analyze system stability, where physical and hydrological heterogeneities could impact the oligotrophic system. Pyrosequencing analysis of both bacterial and archaeal 16S rRNA genes, as well as Sanger sequencing of 18S rRNA genes, was employed to give taxonomic information on the community components over a 10-month sampling period. Temporal shifts in microbial community composition were related to changes in groundwater geochemistry and water table elevation, revealing that subsurface microbial communities were considerably more dynamic over short intervals of time and space than anticipated.
Materials and methods
Sampling and chemical characterization Samples were collected from three-well clusters (Cluster A: 2-26/2-27/2-28; B: 2-29/2-30/2-31; C: 3-30/3-31/3-32) 00 in diameter. Each three-well cluster was completed at short (1 m) intervals within the Hanford formation: near the water table (10 m), at the middle of the Hanford formation (13 m) and near the contact with the underlying Ringold formation (17 m). The wells in each cluster were proximate (Figure 1 ), but the screened intervals did not overlap in depth, and each well annulus was filled with bentonite crumbles to prevent crossstratum water sampling. A sampling pump was installed in the center of the screened interval. Sampling occurred from November 2009 until September 2010. This included periods in fall and winter when the river stage was relatively stable, late spring when the stage rose due to snowmelt from the river catchment and through the summer and into the early fall where river staged eclined. Approximately 380 samples were collected over 10 months. The sampling interval varied over the year: 10 samples within 15 days between 16 November to 1 December 2009; weekly sampling from 26 January to 10 March 2010; twice weekly sampling during the period of largest river stage changes (14 May to 20 July 2010); and biweekly sampling from 20 July to 24 September 2010. For samples collected from 1 May to 26 July, aliquots were analyzed for major anions and cations, inorganic carbon and uranium (U) concentrations. U concentrations were determined using a kinetics phosphorescence analyzer (KPA-11, Chemchek Instruments, Richland, WA, USA); anion concentrations were determined via anion chromatography (Dionex ICS2000, Thermo Scientific Co., Sunnyvale, CA, USA). Samples were filtered through a 0.2-mm pore Teflon filter and directly analyzed. During sampling, the water table elevation was Although the local hydrological gradient varies due to river stage fluctuations, particularly during late spring, the regional gradient is from higher elevations to the west, and runs across the site at an approximate west to east bearing (black arrow).
Microbial dynamics in the Hanford aquifer X Lin et al recorded using an electrical depth tape. River water intrusion was estimated from nitrate concentrations according to a simple mixing calculation, based upon the relative nitrate concentrations of 0.4 and 25 mg nitrate l À 1 in river and ground water. This calculation indicated that 16th June was the first day of detectable groundwater intrusion into the shallow wells.
Groundwater was pumped into a 4-l sterile polyethylene container from each well using the peristaltic pump and tubing installed for groundwater sampling after purging the tubing for 5 min at a pumped rate of 2 l min À 1 (equivalent to five volumes of the PVC screening area). Cells were filtered onto a 0.2-mm pore-size 47 mm diameter polyethersulfone filter (Supor200, Pall Corporation, Cortland, NY, USA) that was stored at À 80 1C. Genomic DNA from half of each membrane filter was extracted using a PowerSoil-htp 96-well DNA isolation kit according to the manufacturer's protocol (MoBio Laboratories, Carlsbad, CA, USA).
Quantitative real-time PCR
To estimate seasonal variations in abundance, quantitative real-time PCR assays were performed on a DNA extract from one sample per month in each Cluster A well. Bacterial 16S rRNA gene copy number was quantified according to Lin et al. (2012a) . Eukaryotic 18S rRNA gene was measured by TaqMan Ribosomal RNA Control Reagents according to the manufacture's protocol (Applied Biosystems Inc., Carlsbad, CA, USA).
Bar-coded pyrosequencing PCR amplification and amplicon preparation were similar to that described by Lauber et al. (2009) using primers targeting the V4-V5 regions of 16S small subunit ribosomal RNA gene of bacteria and archaea Bergmann et al., 2011) . Each sample was amplified in triplicate and included 1 ml genomic DNA, 30 mM forward and reverse primer in 1 Â 5 PRIME Hot Master Mix using annealing temperature of 50 1C for 35 cycles (Fierer et al., 2008; Costello et al., 2009; Lauber et al., 2009) followed by PCR reaction clean up using the MoBio Ultra Clean PCR clean up kit (Carlsbad, CA, USA). Based on PicoGreen quantitation, equal amounts of PCR product for each sample were combined and sent to the Environmental Genomics Core Facility (Columbia, SC, USA) to be run on a Roche FLX 454 pyrosequencing machine (Branford, CT, USA).
Constructing 18S ribosomal RNA clone libraries Six representative DNA clone libraries were constructed, including three winter samples (from shallow wells 2-26 and 2-29, and one deep well 2-27 on 24 February 2010) and three late spring samples (from the same wells on 21 June 2010). PCR amplification with the primer pair Euk360F/1492R (Medlin et al., 1988) was performed using Phusion High-Fidelity DNA polymerase (New England Biolabs Inc., Woburn, MA, USA) with an adenine (A) added using Taq polymerase (Qiagen, Santa Clarita, CA, USA) on a PTC-225 Peltier thermal cycler (MJ Research, Watertown, MA, USA). PCR products were purified using the Qiagen MinElute kit (Qiagen) and ligated into the pCRII-Topo Vector (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocols. After transformation, 48 randomly picked colonies were used for preparing glycerol stocks and sent to the Functional Biosciences Inc. (Madison, WI, USA) for plasmid isolation and sequencing. Sequencing was conducted with both M13f and M13r primers. Assembled forward and reverse reads were trimmed for vectors and checked for chimeras using Mallard (Ashelford et al., 2006) . Eukaryotic operational taxonomic units (OTU) were defined at the level of 98% identity and picked in QIIME by the uclust clustering method (www.qiime.sourceforge. net; Caporaso et al., 2010) . Representative 18S gene sequences from each OTU (GenBank JN705488-JN705542) were aligned to SILVA (Pruesse et al., 2007) databases (release 108) in the ARB package (Ludwig et al., 2004) . Aligned fasta files were used for tree construction in MEGA4 using a neighborjoining algorithm and a Kimura 2-parameter distance calculation (Tamura et al., 2007) .
Processing of pyrosequencing data
Raw data was filtered using QIIME to exclude reads less than 200 nt; reads with low quality scores (o25); and those missing the 16S primer or with uncorrectable barcodes (Costello et al., 2009) . The 12-bp barcode was used to assign reads to samples. The reads were then binned into OTUs at 97% sequence similarity using uclust followed by selection of a representative sequence. Chimeric sequences were identified using ChimeraSlayer (Haas et al., 2011) and removed. Taxonomy was assigned to each representative sequence using BLAST with a maximum e-value of 0.001 against the Greengenes core set and the Hugenholtz taxonomic nomenclature (DeSantis et al., 2006) . For all OTU-based analyses, the original OTU table was rarefied to a depth of 500 sequences per sample, to minimize effects of sampling effort upon analyses.
Statistical analyses
Pairwise comparisons were computed as Bray-Curtis distances and were visualized using non-metric multidimensional scaling (NMS) in PRIMER v6 (www.primer-e.com) based on 500 iterations and maximally three dimensions. Temporal trajectories were connected based on sampling date to illustrate temporal shifts. Chao1 richness was calculated in QIIME. LOESS smoothing of Chao1 richness over time was performed in PAST (http://folk.uio.no/ ohammer/past/) with default settings.
Community differences between groups of samples were examined using two-way nested ANOSIM in PRIMER v6 based on two levels of clustering: across wells or depths and time clusters nested within wells or depths. This permutation-based statistical analysis tested a null hypothesis that there are no differences among wells or among depths throughout the whole sampling duration. The analysis was based on the Bray-Curtis similarities between samples and produced a test statistic R, which could range from À 1 to 1 and a significance level (P). A near-zero R implied no differences between samples.
Supervised classification using Random Forest was run in QIIME to identify OTUs important for classifying community composition based on defined time clusters (Knights et al., 2011) . A list of discriminative OTUs was operationally defined as importance scores41, where importance scores indicate the OTU's value in correct classification. This produced a list of 45 OTUs; their temporal shifts were hierarchically clustered based on Pearson correlation and visualized by a heatmap (http:// www.tm4.org/mev/).
SIMPER analysis was used to identify OTUs contributing to differences in community composition before (14 May-15 June) and after (16 June-6 July) river water intrusion into the three shallowest wells. The average Bray-Curtis dissimilarity (AvDiss) between all pairs of samples and the contribution (Contrib%) of each OTU to total dissimilarity between communities before and after intrusion were calculated. OTUs with higher values of the AvDiss and Contrib% were useful for sample discrimination. For both Random Forest and SIMPER analyses, we used a genus-level OTU table (level six within Hugenholtz framework) and summed sequence counts from each genus-level assignment. In cases involving candidate divisions, sequences were summed to a defined clade of a higher taxonomic level. This data treatment was chosen based on the postulate that phylogenetically related bacteria had similar ecological roles (Andersson et al., 2010) , although in practice there may be limits to this relationship.
An OTU-97 table with the 500 most abundant OTUs was used to analyze species-time relationships, and degree of temporal turnover (White et al., 2006b ) using a completely nested method for the presence-absence (Sorensen) similarity matrix. Degree of temporal turnover was indicated by w in the species-time relationship power functions (S ¼ /cT w ). In this equation, c approximates the observed species richness (S) at specific time-scale (T) and w is the slope of the linearized species-time relationship on log-transformed axes (White et al., 2006b) .
Linear correlation (R 2 ) between bacterial and eukaryotic gene copy numbers was calculated by using SigmaPlot v11.0 (Systat Software Inc., Chicago, IL, USA). table and groundwater  biogeochemistry  Water table elevation Figure S1 ). It rose from 105.5 m in May to a maximum of 106.8 m on 26 June, and then declined to105 m in September. Based on these changes, samples were grouped into five time clusters: T1 (16 November-1 December), T2 (26 January-10 March), T3 (14 May-14 June), T4 (15 June-8 July) and T5 (9 July-24 September). The breakpoint between T3 and T4 represents the detectable Figure 2 Temporal variations in (a) water table elevation, estimated from river gauge data, (b) uranium or (c) nitrate concentrations in groundwater at 10, 13 or 17 m. Sampling time points were grouped into five time clusters: T1 (triangle), T2 (inverted triangle), T3 (square), T4 (diamond) and T5 (circle). T3 and T4 represent samples taken before and after the Columbia River water intrusion, respectively. Note that the time ranges presented in panels (b) and (c) are only a subset of that in (a). The stars on each x-axis indicates the date of detectable river water intrusion (15 June) and the peak of river water intrusion (26 June).
Results

Seasonal variations in the water
intrusion of Columbia River water into the IFRC well field (Figure 2a) .
Analyses of groundwater uranium and nitrate were used to document how water table elevation affected the aquifer. The unsaturated sediments retain small amounts of desorbable U (J McKinley, unpublished observations); the water table rise produced a gradual increase in U concentrations from 30 mg l À 1 in May to 64 mg l À 1 on 17 June (Figure 2b ). Groundwater nitrate concentrations were 24 mg l À 1 ; decreases indicated the intrusion of low-nitrate river water. When the water table rose 0.4 m on 15 June, both nitrate and U concentrations first declined owing to dilution, and then increased abruptly owing to the desorption of nitrate and soluble U from the vadose zone over the following 10 days (Figures 2b and c) . These hydrological effects were greatest in the shallow stratum (10 m), as wells screened at 13 and 17 m showed little variation in U concentration and a delayed change in nitrate concentration (Figures 2b and c) .
Bacteria plus Archaea OTU richness after river water intrusion (16 June) was twofold higher than during T1 and T2 at 10 m, but increases were much smaller at 13 and 17 m (Figure 3a) . Bacterial 16S rRNA gene copies at all depths increased 10-fold from early T1 to late T2, and remained relatively constant during T3 and T4. After the water table subsided, there was a 10-fold decrease at 10 and 13 m by T5 (with a smaller decline in the deepest well) (Figure 3b ). Similar temporal patterns were also observed for Eukarya, although the dynamic range in gene copy numbers was greater (100-fold) in the shallow well. Similar to bacteria at 17 m, the gene copy numbers for Eukarya were highest during T5. Positive correlations between bacterial and eukaryotic abundances were stronger at 10 m (R 2 ¼ 0.83) than at 13 or 17 m (R 2 ¼ 0.64 and 0.63).
Community temporal trajectories and degree of species turnover Pairwise comparisons of similarity through time indicated that communities exhibited similar trajectories at all three depths in Clusters A (Figures 4b and c and Supplementary Figure S2a) . A detrended correspondence analysis confirmed that the temporal trajectories observed in the NMS is not due to the artifact of horseshoe effect (Supplementary Figure S2b) . Several abrupt changes in microbial community composition at particular times were observed (dashed circles, Figure 4 and Supplementary Figure S2a) . These shifts were often related to changes in the relative abundance of specific OTUs (for example, Actinobacteria ACK-M1; see Supplementary Figure S5 ). Species-time relationships showed good fits with the power functions (Supplementary Figure S3 and Table 1 ). The w values for all samples ranged from 0.13 to 0.22, which was near the low end of the range observed for a broad variety of taxa and ecosystems, but close to the w values observed for marine bacterioplankton (White et al., 2006a; Sachdeva et al., 2010) . The highest w values (0.21-0.39) were observed for samples taken from the shallowest wells in the late spring (Table 1) , where and when the hydrological perturbations were greatest.
Temporal shift in microbial community composition at different strata Proteobacteria comprised 50% of the total sequences that were retrieved. The next four most abundant phyla were Bacteroidetes (13%), Actinobacteria (6%), Acidobacteria (4%) and OP3 (3%) Figure S4 ). There were no clear differences in community composition between strata at this taxonomic level. Archaea averaged only 2.5% of the total microbial community, with a slightly higher contribution in shallow depths (3.9±1.7%) than other strata (1.9±0.8%) (Supplementary Figure S4) .
Temporal shifts in composition were analyzed at the genus level, employing Random Forest, a supervised machine learning tool in QIIME ( Figure 5 ). In terms of sequence abundance, these discriminative genera averaged 35% of the total community. There were some clear vertical and temporal patterns, and hierarchical clustering identified in four major groups of organisms. Group-1 OTUs were prevalent at 10 m especially in T3; Group-2 OTUs were prevalent at all strata in T2; Group-3 OTUs had higher abundances at 13 and 17 m than at 10 m; this spatial pattern is most obvious for Limnohabitans; and Group-4 OTUs contained specific physiological groups-putative methane oxidizers (for example, Methylotenera and Methylomonas), Sulfurimonas (sulfur oxidizer), Geobacter and Nitrosopumilus (ammonia-oxidizing archaea). These Group-4 OTUs were most abundant at the base of the Hanford formation (17 m) at T1 and T2. In addition, methane-oxidizing Crenothrix were quite abundant in T1 at 10 and 13 m, and usually detected at 17 m in cluster A. Intracellular bacterial parasites of amoeba, such as Candidatus Rhabdochlamydia, Parachlamydia and Candidatus Odyssella, were found at several time points at all depths, consistent with detection of Amoebozoa in 18S clone libraries described below. In addition, the abundance of Chloracidobacteria, generally increased from winter to late summer.
Spatial variations in microbial community composition
Two-way nested ANOSIM was used to test whether significant differences in community composition occurred in space or time. There was no significant difference (P ¼ 0.2) among temporal clusters across shallow wells (Table 2 ). In contrast, the nested temporal analysis showed significant differences (P ¼ 0.002) across wells at 13 and 17 m (Table 2) . Similar nested analysis illustrated that depth was an important factor discriminating community composition in each well cluster (P ¼ 0.001), except that the well Cluster C had relatively lower R values.
Effects of the Columbia River water intrusion on community composition SIMPER analysis was applied to identify genus-level OTUs that changed before and after Columbia River intrusion near the water table. Two groups of Actinobacteria (ACK-M1 and CL500-29) were not detected before intrusion, but constituted 12% of the organisms detected over the intrusion period, and comprised 38% at the highest water level (Table 3 and Supplementary Figure S5) . In addition to this temporal effect, there was also a positional effect that suggested the appearance of these actinobacterial clades was related to river water intrusion. Well 3-30 is most distant from the river Figure 4 Temporal trajectories in community composition, based on Bray-Curtis similarity and presented in the ordination space of non-metric multidimensional scaling analysis. Trajectories through trajectories were represented by arrows that sequentially connect sampling points. Circles highlighted two time points on 20 February and 24 June with abrupt change in microbial community composition.
Microbial dynamics in the Hanford aquifer X Lin et al (and hence had the smallest intrusion of river water) and exhibited the smallest increase in Actinobacteria among the three shallow wells. Four other OTUs with increased abundances after river water intrusion included Chloracidobacteria, Sphingobacterium and those belonging to Candidate Divisions OP3 and ZB2. OTUs that decreased in abundance after river water intrusion were Five time clusters were identified: T1 (16 November-1 December),T2 (26 January-10 March), T3 (14 May-14 June), T4 (15 June-8 July 8) and T5 (9 July-24 September). T3 and T4 were analyzed together to reflect species turnover across a period from the beginning of water level rise to the end of river water intrusion. T5 was omitted from discrete analysis because there were a small number of time points in this interval. Microbial dynamics in the Hanford aquifer X Lin et al phylogenetically related to Zoogloea, Clostridium, Emticicia, Limnohabitans, Pseudomonas and Aquabacterium. These decreases also exhibited a positional effect, with smaller decreases in river-distal well 3-30 than river-proximal wells 2-26 and 2-29.
Community composition of Eukarya
Clone libraries revealed that eukaryotic sequences primarily belong to microeukaryotes within kingdom/phyla Alveolates (Ciliophora and Dinophyceae), Amoebozoa, Euglenoza, Fungi, Katablepharidophyta and Stramenopiles (Supplementary  Table S1 ). Mixotrophic and bacterivorous protists comprised 16-84% (44% on average) of total sequences in each clone library (Table 4) . These protists were dominated by Amoebozoa (for example, Acanthamoeba) and heterotrophic flagellates such as Rhynchobodo, Bicosoeca, Dinobryon and Ochromonas.
Discussion
The temporal dynamics of microbial community structure have important implications for understanding microbial interactions with the environment (Fuhrman et al., 2006; Abbreviations: AvDiss, the average of the Bray-Curtis dissimilarity between all pairs of samples; Contrib%, the contribution of this OTU to the total dissimilarity between communities before and after the river water intrusion; OTU, operational taxonomic units. The gradual shift of these OTUs in time are graphically illustrated in Supplementary Figure S5 . 2008; Yagi et al., 2010) . Differences between samples may merely be due to technical issues of sampling and analysis, or consequences of ecological or evolutionary factors (Preston, 1960; Torsvik et al., 2002; Storch et al., 2007) . Over short timescales (from minutes to days), undersampling of community complexity would be the dominant factor for variability. Sorensen similarity values between samples taken 1 day apart were less than 70% (Supplementary Figure S3) , this suggests that technical factors in sampling and pyrosequencing analysis could account for dissimilarities of up to 30%. To reduce the effects of low technical reproducibility (Zhou et al., 2011) , we restricted analyses of beta-diversity to the 1000 most abundant OTUs that enabled us to resolve temporal gradients in community shifts (Supplementary Figure S3) . The good fit of power functions to temporal changes suggested a relationship between community membership and time, and that community dynamics were being driven by environmental changes and/or ecologically neutral processes (Stegen et al., 2012) . Over a period of months, community dynamics can plausibly be ascribed to ecological processes that are driven by environmental variation and microbial dispersal. In this unconfined aquifer system, both groundwater temperature (16-18 1C) and major ion composition were relatively stable, except for ion composition in periods when the water table rose (J McKinley, unpublished observations). Hydrological perturbations were correlated with highest community turnover rates in the shallow wells in the late spring.
Spatial heterogeneities in community composition were found both laterally and vertically, especially at the intermediate and deep zones. The former could be a consequence of habitat heterogeneities imposed by local physicochemical regimes (Dechesne et al., 2007; Lehman, 2007; Vermeul et al., 2011) , such as partially filled or unfilled voids between gravelly cobble within the Hanford formation (Lindberg and Bond, 1979) , that would disperse nutrients and microbes. Groundwater samples were collected at depths where sediments were coarsegrained with silty sands filling voids between rounded river cobbles (Bjornstad et al., 2009) . Within those sediments, differential measurements of hydraulic conductivity detected a zone of lower permeability within the central portion of the aquifer (Vermeul et al., 2011) , where the intermediate-depth wells in each cluster were screened. Preferential groundwater flowpaths and regions of low sediment permeability could drive significant vertical variations in community composition. Relatively rapid flow near the water table would result in a rapid response to changes in river stage. Conversely, lower permeability deeper in the aquifer may have hindered community responses to changes in groundwater composition, owing to poor coupling of river-driven hydrological forces within deep sediments.
In the deeper groundwater depth (17 m), near the boundary between the Hanford and Ringold formations and about 1 m above a redox transition zone (Bjornstad et al., 2009 ), we observed a higher proportion of putative ammonia-oxidizing Archaea, methane oxidizers and metal reducers. Vertical geochemical profiles suggest that methane and other electron donors such as H 2 and H 2 S could diffuse into the Hanford formation (Lin et al., 2012b) . In addition, temporal differences in methane and sulfide concentrations have been measured near the Ringold oxic-anoxic interface (J McKinley, unpublished observations). The temporal dynamics in specific taxa near the base of the Hanford formation, coupled with seasonal changes in geochemistry provide motivation for more intensive analyses of temporally variable redox cycling in this portion of the aquifer.
Groundwater-river water interactions are of substantial ecological interest (Brunke and Gonser, 1997) . However, most research has focused on effects of groundwater upon riverine ecology. Here, we demonstrate that Columbia River water intrusion affects microbial community composition in the aquifer, 250 m from the shoreline. The effects at this relatively large distance are consequences of the porous, hydrologically conductive sediments of the Hanford formation (Bjornstad et al., 2009) , and the dramatic fluctuations in stage of the Columbia River that flows for 1900 km and drains more than 670 000 km 2 in seven US states and Canada. At the highest water table elevation, the river water component accounted for 75% of groundwaterriver water mixture. Well Cluster A contained a lesser component of river water than Cluster B, whereas Cluster C to the west site experienced fractional mixing of less than 15% river water (J McKinley, unpublished observations). The spatial heterogeneity of river water intrusion was consistent with spatial and temporal trajectories of several clades such as Actinobaceria ACK-M1, previously found in freshwater environments (Hahn, 2006) and which has been reported in the Columbia River (Crump et al., 1999) . Actinobacteria ACK-M1 have neither been detected in the Hanford Site subsurface vadose sediments (Balkwill et al., 1998) nor in the saturated Hanford sediments near the water table (Lin et al., 2012a) . However, we cannot rule out the possibility that the fluctuating water table may introduce vadose zone microbes into the saturated zone. The shift in community composition associated with the large dynamics in Actinobacteria ACK-M1 and other clades suggested that river water intrusion could have significant impacts on microbial community composition. Without analysis of riverine microbial populations, we cannot distinguish among immigration of riverine bacteria, elution from the lower vadose zone, or environmental selection of aquifer bacteria by the riverine nutrients. More work is needed to disentangle the specific effects of individual nutrient resources versus stochastic effects (Stegen et al., 2012) .
Seasonal dynamics in many aquatic ecosystems are affected by top-down biological controls such as bacterivorous protozoa (Azam et al., 1983; Sherr and Sherr, 2002; Pernthaler, 2005) . In pristine and contaminated subsurface habitats, high abundances (up to 10 4 individuals ml À 1 ) of protozoan biomass have been reported (Sinclair et al., 1993; Ellis et al., 1998; Zarda et al., 1998; Kinner et al., 2002) . This stimulated us to analyze the occurrence of microeukaryotes in the Hanford subsurface. The temporal dynamics in eukaryotic 18S rRNA gene copy numbers ranged over two orders of magnitude. However, these dynamics must be interpreted cautiously as they could also arise if there were large differences in rRNA gene copy number between the dominant taxa over time. The temporal pattern of microeukaryotes was positively correlated with Bacterial abundances, which would be consistent with the bacteria serving as a prey resource (Caron and Goldman, 1990; Pernthaler, 2005) . Many of the detected taxa are known to be bacteriovores (Andersson et al., 1989; Bennett et al., 1990; Arndt et al., 2000; Boenigk et al., 2005) . Thus, we hypothesize that protozoa exert grazing pressure on the aquifer microbial community, impacting temporal dynamics in community structure. Quantification of top-down controls on local microbial assemblages could reveal an important controlling element beyond the physical and chemical controls that affect contaminant fate and transportin the subsurface at Hanford and other locations.
In summary, spatial and temporal variation in microbial community structure in the Hanford unconfined aquifer is apparently governed not only by geophysical variables but also by hydrochemical and biotic ones. Fluctuations in ground water elevation impacted microbial community structure to the greatest extent near the water table, where river water mixing was greatest. A consequence of these hydrodynamic heterogeneities in space and time may be selection for different ecological strategies. Bacteria prevalent during periods of constant river stage (for example, Group-2 in Figure 5 ) or deeper in the aquifer (for example, Limnohabitans spp.) are targets for further analysis as autochthonous aquifer bacteria. The clades that became abundant after the intrusion of river water (such as Actinobacteria ACK-M1) could either represent allochthonous inputs into the aquifer system or aquifer opportunists that are stimulated by riverine nutrient additions. The ecological impacts of the river water intrusion can be positive (for example, influx of nutrient resources) or negative (for example, introduction of river-derived bacterial predators). The interaction between aquifer and fluvial systems has been recognized (Williams et al., 2010) , but research interest has focused upon effects of groundwater upon stream ecology. In this work, we demonstrate that a large river system can impact the ecology (and presumably biogeochemistry) in the subsurface at distances more than 200 m from shore. A mechanistic understanding of these forces will require both additional field-based studies as well as ecophysiological studies in the laboratory of important clades that have been identified.
